BACKGROUND: Negative-pressure wound therapy has been commonly used for treating chronic wounds and recently applied for treatment of traumatic wounds. We investigated the potential hemostatic benefit of negative-pressure wound therapy for control of refractory hemorrhage in a soft tissue wound model in swine.
N egative-pressure wound therapy (NPWT) is a treatment modality that has become widely adapted for a broad range of wound indications. It was originally developed in the 1990s for the management of chronically infected wounds and has more recently been used for the treatment of traumatic wounds. 1, 2 NPWT is a generic technology, which can be applied to a wound using a range of variables including source and level of negative pressure, wound filter, and wound contact layer. This modality creates a wound environment of subatmospheric pressure (j50 to j200 mm Hg) that promotes healing of acute or chronic wounds, reduces infection, and enhances healing of burn injuries. While the exact mechanism of action is not yet fully understood, NPWT is thought to benefit wound healing by (1) removing interstitial fluid that contains desiccated tissue and inhibitory factors such as collagenases and inflammatory cytokines, (2) decreasing the level of bacteria, (3) improving blood flow in the wound bed and surrounding tissue, (4) enhancing angiogenesis, (5) promoting granulation tissue, and (6) pulling the wound edges together and stimulating faster cell growth. The dynamic interplay of these actions is thought to improve wound healing.
3Y5
The potential benefits of NPWT for treating traumatic wounds such as large soft tissue injuries, high-energy penetrating trauma and open fractures have also been reported. 6Y10 NPWT has been used for evacuating serous drainage or hematoma/blood from acute wounds, thereby reducing the risk of postoperative infections. 7,11Y13 We investigated the potential hemostatic benefits of NPWT using strong negative pressure (NP) in a large soft tissue wound model in pigs that mimicked explosion injures. The hemorrhage from such wound model was easily controlled when the wounds were dressed with regular gauze and sealed with adhesive drapes (requiring no other adjunct). Hence, a preexisting coagulopathic condition was produced in pigs before the injury to create refractory bleeding to examine potential hemostatic effect of NPWT. ( Fig. 1B) . Shed blood during this period was collected to measure pretreatment blood loss, indicator of injury severity and reproducibility of hemorrhage. Next, wounds were rapidly dressed and treated in a randomized fashion with gauze alone or TraumaPad alone (Fig. 1C) or with these dressings plus NP that was applied continuously (Fig. 1D) . The NP source was the operating room suction line (approximately j500 mm Hg) that was used after more standard levels of NP for wound healing were found ineffective. The foam was not used in the standard treatments (gauze alone or TraumaPad alone) because it would decrease tamponade effect and likely increase the blood loss. To meet compression requirements, the gauze and TraumaPad dressings were pressed against the wounds by placing a 10-lb weight plate on them for 3 minutes. After compression of control dressings and applying NP to treatment wounds, fluid resuscitation was administered (Hextend, up to 3 L at 50 mL/min) intravenously to raise and maintain MAP of 60 mm Hg or greater during experiment. Any shed blood during this period was collected and measured as posttreatment blood loss. Animals were monitored for 2.5 hours or until death as determined previously. 16 Final blood samples were collected, and animals were euthanized. Tissue samples were collected from the center and the edge of the wounds for histologic analysis. The hematoxylineosinYstained histologic slides were coded and then examined by our veterinary pathologist (M.A.H.) who was blinded to the treatment group. Once the subjective analysis was complete, samples were identified; the results were categorized and compared among treatment groups.
In experiments with NP, hemostasis was checked at the conclusion of experiments before the animals were euthanized. In these instances, the suction line was disconnected, the adhesive drape was cut off, and foam and dressings were carefully (layer by layer) removed from the wound. The status of bleeding/ hemostasis was observed for a few minutes.
Data Analysis
Data were analyzed by one-way analysis of variance (ANOVA, parametric data), Kruskal-Wallis test (nonparametric), W 2 , and the log-rank for statistical comparisons. Bigroup comparisons were performed by using the Tukey's and Dunnett's tests. A p G 0.05 was considered statistically significant.
RESULTS
A few pilot experiments (n = 2) were initially performed in which the NP was applied to the bleeding wound in a similar manner as practiced for treating chronic wounds (low NP [j125 mm Hg] and no dressing). The results clearly showed that such an application method has no hemostatic effect and might even increase the hemorrhage. In subsequent pilot experiments (n = 3), a stronger NP was applied (j480 mm Hg to j520 mm Hg) continuously for the duration of each experiment and added to standard hemostatic treatment as an adjunct. Applying high suction pressure immediately flattened and compressed the foam and dressings against damaged tissues. Any accumulated blood was rapidly evacuated, and additional blood losses were continuously removed until hemostasis was achieved. These findings were encouraging and justified design of the main study as described later.
Thirty eight pigs, divided randomly into four groups (n = 8 or 10) were used in the main study. Baseline values for hemodynamic, temperature, and hematologic measures were within reference ranges with no significant differences among groups ( Table 1) . As expected, isovolemic hemodilution (approximately 50%) with Hextend reduced hemoglobin concentration and platelet counts by approximately 60% and fibrinogen concentration by 48% in all animals. The PT and aPTT, however, were prolonged only by 12% and 22%, respectively. A small decreased in MAP (approximately 6.5 mm Hg) was measured after hemodilution and hypothermia in some animals, but Combined Groups (n = 38) Gauze (n = 8) TraumaPad (n = 10) Gauze + NP (n = 10) TraumaPad + NP (n = 10) Overall (Fig. 2) . The injury and hemorrhage were reproducible and resulted in an average of 4.5-mL/kg per minute blood loss during the initial 1-minute free bleeding period. Dressing the wounds with gauze or TraumaPad took approximately 2 minutes but produced hemostasis only in one experiment (TraumaPad treated) after 95 minutes of slow bleeding. Addition of NP to these dressings, however, stopped hemorrhage in 80% (16 of 20) of pigs with an average hemostasis time of 34 minutes and 25 minutes for gauze-and TraumaPaddressed groups, respectively ( Table 2) .
Infusion of Hextend restored and stabilized the MAP at target level in dressing + NP groups but was not effective in dressing-alone groups because of continued hemorrhage (Fig. 2) . At 60 minutes after injury, MAP of NP-treated animals was significantly higher than that of the dressing-alone groups ( p G 0.05). The total volume of fluid administered to achieve target pressures were significantly less (p G 0.05) in dressing + NP-treated groups than in groups treated with dressing alone (Table 2) . Concurrently, posttreatment blood loss was significantly less in dressing + NP-treated groups than in the dressingalone group (Table 2 ). In addition, the final values for hemoglobin, fibrinogen, and white blood cell and platelet counts were higher in NP groups than in the dressing-alone groups ( Table 3 ). The clotting times were also shorter, and shock indices (lactate and base excess) were closer to the baseline (preinjury) levels in NP groups than in the other animals ( Table 3 ). No significant difference was found between dressing the wound with regular gauze or TraumaPad with or without NP addition; however, a trend in favor of TraumaPad was apparent.
The pigs' survival rates coincided with hemostasis achievement except in one case (Gauze + NP group) where bleeding continued at a slow rate but the animal survived the duration of the experiment (2.5 hours). The survival time analysis and the advantage of application of NP are shown in Figure 3 . Inspection of the wounds after successful treatment with NP showed significant decrease in bleeding (slow oozing) of the injured tissues after removal of NP and dressings.
Histologically, all samples exhibited variable amounts of acute degeneration and inflammation. The changes included cellular swelling, inflammation, splitting of muscle fibers, vacuolization of sarcoplasm, fiber fragmentation, and edema. The depth of histologic evident damages did not exceed 1.5 mm in all groups, and based on a subjective evaluation, no significant treatment effects were apparent. Examination of slides under polarized light detected kaolin residues in two specimens, which were seen only on the surface of the wound.
DISCUSSION
The potential for hemostatic effects of NPWTwas initially suspected by our surgeon colleagues who were operating on burn injuries with bleeding and used NPWT to promote wound healing. This study was therefore designed to investigate possible hemostatic benefit of NPWT for treating coagulopathic hemorrhage in large soft tissue wounds that often cannot be managed efficiently with standard dressing or surgical intervention. For this purpose, , log-rank, and one-way ANOVA tests. N/A, time to hemostasis could not be determined since no hemostasis was achieved in this group, and for that reason, statistical comparison among groups could not be performed.
we developed a combat-relevant large soft tissue wound model (as seen in improvised explosive device explosions) with multiple bleeding sites in coagulopathic pigs. The bleeding from such wounds could not be controlled with standard or an advanced hemostatic dressing with kaolin (TraumaPad). Applying routine NPWT (j100Y150 mm Hg NP alone), as used for treating chronic or burn wounds, was also found to be ineffective to control hemorrhage in this model (pilot experiments). This result was not unexpected if one considers that applying negative pressure will draw/pool more blood to the injured surface tissues and likely will increase hemorrhage. Concurrently, a potential adverse effect of NPWT was reported to be increased risk of bleeding particularly for patients on anticoagulant therapy. 17 In our subsequent experiments, the NPWTwas examined as an adjunct to standard hemostatic treatment, and stronger NP was used. Furthermore, this strategy was compared with treating the wound with TraumaPad, a large version of Combat Gauze that is the current standard for treating external hemorrhage in the US Military. Combat Gauze dressing was found to be an effective hemostat against arterial bleeding in normal pigs 15 but had limited efficacy to control hemorrhage in coagulopathic animals. 16 The results from this study confirmed previous findings and showed poor efficacy of this dressing as well as regular gauze to control coagulopathic bleeding even in wounds with small vessels injuries. Application of strong NP to these wounds dressed with standard gauze or TraumaPad, however, significantly improved hemostasis and prevented exsanguination that occurred in most of the animals treated with dressings alone. The higher survival rates were caused by more effective hemorrhage control (less blood loss), lower fluid resuscitation, and better blood pressure maintenance and tissue perfusion (lower shock indices). Histologic assessment of treated muscle tissues showed no acute adverse effect of negative pressure application in this model. However, applying strong NP for longer periods or on more sensitive tissues such as blood vessels or nerves may have some adverse effects that should carefully be investigated. Histologic examination of the tissues was not performed in the earlier pilot tests when j125 mm Hg NP was tested since no hemostatic efficacy was observed in those experiments.
The exact mechanism by which NP promoted hemostasis in our experiments is unknown. However, it may be speculated based on our final observations. We noticed that in the successful experiments, hemorrhage had completely stopped, and no rebleeding occurred even after cessation of NP and restoration of atmospheric pressure on the wound. Subsequently, when dressings were removed from the wound, only minor rebleeding started although blood was more diluted at this time and blood pressure was near baseline. The rebleeding may have been caused by disruption of the blood clots formed in conjunction with dressings as the dressings were removed. However, since the rebleeding was insignificant, it is also implied that the strong NP may have constricted/occluded small blood vessels and thereby mechanically reduced the hemorrhage. Moreover, this constrictive effect apparently persisted even after NP was discontinued. The compression force of NP also strongly apposed dressings to wound surface favoring clot formation by the gauze. The two mechanisms together fully stopped hemorrhage while neither mechanism alone (NP force or gauze clotting ability) was able to stop the coagulopathic bleeding. In a few cases in which NP and dressings application did not secure hemostasis, the reason seemed to be the inability of blood/ dressing to form clot and seal the injuries, rather than failure in applying and maintaining of NP on the wound.
Although NPWT was initially developed for treating chronic nonhealing wounds, greater experience in civilian and combat settings have extended indication of this technology for management of acute injuries. The conditions that seem to benefit from NPWT include control of infection and limb salvage, 7, 18 skin graft success, 19, 20 fasciotomy 21 and wound temporizing as a bridge to definitive treatment. 11, 22, 23 In the current military conflict, explosion force of improvised explosive devices has produced devastating combat wounds presenting new challenges to the military health care providers. An example is the large soft tissue wound, also known as the ''shark bite,'' in the extremities and trunk, with massive destruction/loss of soft and hard tissues. Bleeding from injured large vessels associated with these wounds is controlled surgically, but the diffuse bleeding from multiple small vessel injuries caused by loss of skeletal muscle is much harder to manage with surgical interventions. The use of electrical cautery causes more tissue damage and delays healing, but covering the wounds with gauze or hemostatic dressing is mostly ineffective because of coagulopathy that often develops in these patients. 24 The result is persistent bleeding that requires frequent changes of dressings and transfusion of more blood and blood products. The use of NPWT is likely to benefit the management and treatment of these complex injuries and reduce blood loss, reduce transfusion requirement, and shorten hospital stays.
There are several limitations in this study that should be described. This study showed hemostatic potential of NPWT in a relatively simple superficial wound that was easily dressed and subjected to a uniformly distributed negative pressure. It remains to be seen how this technology may benefit control of hemorrhage in more complex traumatic wounds for patients. The tight sealing of the wound is also a critical step in achieving hemostatic advantage of NPWT. This requirement was met in this experimental study, but it might be harder to accomplish when a more complex wound is being treated in a clinical (less controlled) environment. Although the optimum negative-pressure force for hemostatic action of NPWT is unknown and it may vary depending on the size and complexity of the wounds, it was apparent from our experiments that strong negative pressure (500 mm Hg or more) was needed to obtain the full benefit of NPWT. This requirement may preclude the use of this technology in some circumstances. We did not determine the effectiveness of using lower NP (e.g., 300Y400 mm Hg) for achieving hemostasis in this model and also did not determine the least effective pressure. This would have required additional work that was beyond the scope of the present study.
In conclusion, to our knowledge these data provide the first evidence that NP acts as an effective hemostatic adjunct and, when combined with standard hemostatic dressing, is able to stop lethal coagulopathic bleeding in large soft tissue wounds. This effect is likely caused by sustained compression of damaged tissues that constricts small blood vessels and promotes clot formation in conjunction with apposition of the dressings.
